Triple-negative breast cancer (TNBC) is the most aggressive and prevalent subtype of breast cancer in women worldwide. Currently, chemotherapy remains the main modality for the treatment at an early stage, as there is no approved targeted therapy for early TNBC. In this review, we investigate the use of microRNAs (miRNAs), which play a key role in the post-transcriptional regulation of genes involved in the key biological processes, namely proliferation, differentiation, angiogenesis, migration, apoptosis, and carcinogenesis. Here, we emphasize the importance of the recent advances related to miRNAs, involving diagnosis, prognosis, and treatment of TNBC. We focus on the development, optimization, and stabilization of miRNA-based drugs; improvement of miRNA delivery; and control of the off-target effects of miRNA therapeutics. We speculate as to which features may present themselves as promising approaches in the treatment of TNBC.
Introduction
Breast cancer accounts for 30% of cancers diagnosed in women worldwide. It comprises many biological entities with distinct pathological features and clinical implications. Breast cancer with different histopathological and biological features exhibits different responses to divergent therapeutic strategies. The common forms of breast cancer are (1) ductal carcinoma in situ (DCIS), a noninvasive breast cancer subtype which is limited to milk ducts and is characterized by development of lumps in the breast and secretion of a discharge from the nipple; (2) invasive ductal carcinoma (IDC) or infiltrating ductal carcinoma, which is characterized by invasion of lymph nodes and surrounding tissues, breast inflammation, and secretion of a discharge (Dai et al. 2016) ; (3) other subtypes of invasive breast cancers, most commonly with BRAC1 mutations, are medullary carcinoma, mucinous carcinoma, papillary carcinomas, and cribriform carcinoma (Dent et al. 2007 ).
Based on histological features, breast cancer can also be classified as (1) hormone receptor-positive (ER+, PR+), which accounts for 60-70% of cases; (2) HER2+ tumors, which cover 15-20%; and (3) triple-negative (ER−, PR−, HER2−) tumors, which account for about 10-25%. Breast cancer can be also classified using genomic miRNA profiling as luminal A (ER+ and low grade), luminal B (ER+ and high grade), HER2+, and basal-like (mainly triple negative). Table 1 summarizes the subtypes of  breast cancer. In what follows, we review the role played by miRNA in triple-negative breast cancer using a descriptive approach which, although not couched in terms of mathematics and physical laws typical of other articles in the Biophysical Reviews journal, will hopefully be useful to the biophysical community due to the fact that it presents components and their regulatory role in list, function, and network fashion. It is our sincere wish that the information presented in this review will both spark an interest and prove digestible/useful, to those performing biophysical modeling of breast cancer development that is inclusive of miRNA involvement.
Triple-negative breast cancer TNBC, with significant clinical implications, overlaps Bbasal-like^breast cancer. It is the most prevalent and highly aggressive subtype of breast cancer among young patients (< 50 years old) and is characterized by the absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) genes. Lack of these receptors makes TNBC aggressive and unresponsive to hormonal and targeted therapies. Moreover, TNBC is highly metastatic and can recur within the 3 years of treatment. Distant recurrence is seen in the brain, liver, and lungs, and less frequently in bone. In addition, only 77% of TNBC patients survive compared to the other subtypes of breast cancer, which account for 93% of survivors in the first 5 years (Dent et al. 2007) .
Currently, chemotherapy remains the main modality for the treatment of TNBC at an early stage due to a lack of an approved, targeted therapy. However, various approaches are being implemented as target-based therapies for early stage TNBC, which include DNA-damage agents, immunecheckpoint inhibitors, platinum-based compounds, PI3K-pathway inhibitors, and androgen-receptor inhibitors. Due to its high aggressiveness, TNBC patients require multiple targeted drugs at different stages for acceptable outcomes to be achieved. Combinational regimens maximize clinical efficacy by minimizing the toxicity of treatment at an early stage of TNBC and thus improve the survival rate of patients approximately by 70% (Kumari et al. 2017) .
Generally, diagnoses of TNBCs are based on histological grade, lymph node involvement, and ER, PR, and HER2 status (Pustylnikov et al. 2018) . TNBC can also be screened and diagnosed by mammography, ultrasonography, and magnetic resonance imaging (MRI), but they cannot differentiate the central pattern of necrosis and fibrosis, which are characteristic features of TNBC (Friedman et al. 2009 ). Clinical diagnosis of TNBC is performed by immunohistochemistry (Le Bourgeois et al. 2018) . Furthermore, the heterogeneous nature of TNBC necessitates the use of novel diagnostic approaches along with conventional methods. To improve the survival rate of TNBC patients, a greater knowledge of target pathways, development of novel drugs, and identification of biomarkers are required to facilitate development of improved treatment modalities. Based on these requirements, we believe that miRNA-based therapeutic strategies may constitute a promising approach to the treatment of TNBC and we focus the rest of the review on this aspect of the breast cancer literature. MicroRNA miRNAs are an evolutionarily conserved family of small noncoding RNAs that regulate a number of biological processes including proliferation, differentiation, angiogenesis, migration, apoptosis, and carcinogenesis (Ahmad et al. 2013 ). These single-stranded RNAs of 18-22 nucleotides were reported for the first time in Caenorhabditis elegans and later in most eukaryotes, including humans (Tang et al. 2018) . Novel high-throughput sequencing techniques have identified more than 28,000 mature miRNAs, which account for 1-5% of the human genome (Cuk et al. 2013) . Research in the last decade led to an understanding of miRNA-mediated regulation of gene functions. miRNAs play a key role in regulating the gene expression of the key biological processes . Moreover, studies have reported that dysregulated expression of miRNAs leads to the onset and progression of cancer (Klein and Dalla-Favera 2010) . Recently, miRNAs are projected as potential biomarkers for diagnosis and prognosis of cancer. Furthermore, this review emphasizes on the role of miRNA in the diagnosis and prognosis as well as a therapeutic biomarker in TNBC.
Biogenesis and mechanism of regulation of miRNAs
The biogenesis of miRNA begins with the transcription of miRNA gene by the RNA polymerase II enzyme, which synthesizes a long nucleotide sequence called primary-miRNA (pri-miRNA) with a cap at its 5′ end and poly-A tail at the 3′ end ( Fig. 1 ). This pri-miRNA forms a specific hairpin-shaped, stem-loop secondary structure, which enters a microprocessor complex (500-650 kDa) consisting a Drosha (RNase III endonuclease) and an essential cofactor DGCR8/Pasha (protein containing two double-stranded RNA binding domains) (Chan et al. 2005) . The pri-miRNA is processed into a 60-70 nucleotide sequence called pre-miRNA with a 5′ phosphate group and 2 nt overhang stretch at the 3′, which is transported to the cytoplasm by Exportin-5 (Exp5), a member of the Ran transport receptor family. In the cytoplasm, pre-miRNA is further processed into a short, double-stranded miRNA:miRNA * duplex by Dicer, a second RNase III endonuclease. Later, miRNA:miRNA * duplex is unwound into a mature miRNA and miRNA * by a helicase. The mature miRNA is asymmetrically incorporated into the RNAinduced silencing complex (RISC), where it regulates gene expression by mRNA degradation or translational repression (Murakami et al. 2006) .
In humans, more than 60% of protein-coding genes contain miRNA-binding sites at their 3′-untranslated region (3′-UTR) (Friedman et al. 2009 ). miRNAs exert their functions via direct binding to miRNA response elements (MIREs) at the target mRNAs. Each miRNA has several targets and modulates gene expression by transcript destabilization, translational repression, or by base pairing to complementary sequences at 3′-UTR. Recent studies have reported that miRNAs can modulate gene expression by binding to protein-coding exons and induce gene expression in mammalian cells (Viswanathan and Daley 2010) . Proteins such as HnRNPA1, SMAD1, and SMAD5 which play an important role in cancer transformation have been shown to interact with miRNA precursors and regulate their subsequent processing (Kumari et al. 2016) . Regulatory proteins can bind to mature miRNAs to direct their degradation, thus preventing their expression (Malissen and Grob 2018) . Lin 28 is a regulatory protein, which binds with let-7 miRNA and targets its degradation (Choudhury et al. 2013) . It is estimated that 10% of miRNA expression is controlled through DNA methylation. Additional evidence supports the regulation of miRNA in response to hypoxia and hormonal changes (Laufer and Singh 2012) . Phosphatase and tensin homolog pseudogene (PTENP-1) contains many miRNA sites, which regulate PTEN levels by sequestering its regulatory miRNAs (Fish and Cybulsky 2012) . miRNAs in tumorigenesis of breast cancer miRNAs play an important role in cancer metastasis as they are differentially expressed depending on the molecular subtypes (Blenkiron et al. 2007 ). Cancer-promoting miRNAs are termed as onco-miRNAs, whereas tumorigenesis-inhibiting miRNAs are called as tumor Fig. 1 Steps involved in biogenesis of miRNA in the nucleus (synthesis of pri-miRNA and pre-miRNA). Export of pre-miRNAs by Exportin 5-Ran-GTP to the cytoplasm and its cleavage by Dicer-TRBP to yield mature miRNA and degraded miRNA* occurs in presence of RISC factor Ago2 suppressor miRNAs, ts-miRNAs. Generally, such tsmiRNAs are expressed at abnormally low levels whereas onco-miRNAs are expressed at high levels in a wide range of cancers (Lal et al. 2011) . A plethora of miRNAs associated with cancer has been validated using innovative clinical practices like miRNA pull-out assays. In carcinogenesis, it was noticed that either amplification of oncomiRNA expression or reduced ts-miRNA is often located in chromosomal-fragile sites (He et al. 2005) .
In breast cancer, several miRNAs have been identified as tumor suppressor or oncogenic miRNAs, emphasizing miRNA-based research for early detection and therapeutic purposes (Herranz and Ruibal 2012) . Yang et al. reviewed the recent literature on the role of miR-181 in breast cancer and suggested miRNA-181 as an onco-miRNA and also that its overexpression is related to cancer metastasis (Yang et al. 2017 ). Jiang et al. reported miRNA-155 also as an oncomiR because it regulates inflammation and tumor formation via JAK-STAT pathway in breast cancer (Jiang et al. 2010 ). miRNA-510 was involved in oncogenesis of breast cancer via PI3K/Akt pathway using in silico and in vitro approaches (Guessous et al. 2010) . Eccles et al. (2013) confirmed, using pre-miRNA-510 or antisense miRNA-510, that miRNA-510 is a unique onco-miRNA in breast cancer reporting their role in anti-apoptosis and in drug resistance. Ward et al. (2014) established miRNA-519a as an onco-miRNA in estrogen receptor-positive and tamoxifen-resistant breast cancer. Oncogenic miRNA-10b and miRNA-155 regulate proliferation and metastasis by disrupting homeobox D10 (HOXD10), and by suppressing the expressions of a suppressor of cytokine signaling 1 (SOCS1) and forkhead box O3a (FOXO3) in breast cancer (Kong et al. 2010) .
Both miRNA-630 and miRNA-133a are tumor suppressors that initiate apoptosis and block cell cycle progression in breast cancer . A report has demonstrated that miRNA-21 regulates the expression of tumor suppressor proteins TIMP3, PDCD4, and tropomyosin 1 (alpha) in breast cancer (Qi et al. 2009 ). Clinically, it has been demonstrated that miRNA-30a negatively regulates cell proliferation, migration, and invasion of TNBC cells (De Santi et al. 2017 ). Expression of miRNA-203 in breast cancer reported by Ru et al. (2011) was shown to inhibit SOCS3 expression in breast cancer cells. Thus, miRNA-203 negatively regulates the expression of p53, Bax, and p2.
As stated earlier, miRNAs are master regulators of gene expression and many other cellular processes. Nonetheless, their expression is frequently improperly regulated in human cancers. Recently, elevated levels of miRNAs have been identified in serum, plasma, and other fluids of cancer patients (Kume et al. 2017 ). These circulating miRNAs are promising biomarkers for early-stage diagnosis, prognosis, and prediction of therapeutic response (Allen and Weiss 2010). miRNA181a was explored as a diagnostic and prognostic biomarker for TNBC because of its altered expression and its role in oncogenesis, invasion, and metastasis (Rosi 2006) . Moreover, downregulation of miRNA-329 in serum and tissue samples of breast cancer patients is associated with lymph node metastasis (Pihong et al. 2017; Procházková et al. 2017) . Analysis of the expression of miRNAs as potential biomarkers in breast cancer is summarized in Table 2 .
Role of miRNA in TNBC tumorigenesis
Exploration of the role of miRNAs in diagnosis, prognosis, and therapy of different cancers, was conducted by Foekens and coworkers (Foekens et al. 2008 ). Breast cancer exhibits intrinsic heterogeneity and clinicopathological variations in terms of tumor size, vascular invasion, proliferation index, and expression of HER2, ER, and/or PR. Several attempts have been made to develop a miRNAbased marker that reflects the histopathological features of the tumor, such as the association of miRNA profiling with genomic classes. Nearly, nine miRNAs (miRNA15b, miRNA-99a, miRNA-100, miRNA-103, miRNA-107, miRNA-126*, miRNA-130a, miRNA-136, and miRNA-146b) have been identified, which could discriminate luminal A breast cancer from luminal B breast cancer. Subsequently, 15 miRNA predictive markers for expression of ER (miRNA-135b, miRNA-190, miRNA-217, miRNA-218, miRNA-299, and miRNA-342), PR (miRNA-377, miRNA-520f, miRNA-520g, and miRNA-527-518a,), and the HER2 receptor (miRNA-30e, miRNA-181c, miRNA-320c, miRNA-376b, and miRNA- -127-3p, miR-148b, miR-409-3p, miR-652, and miR-801, miR-1246, miR-1307-3p, miR-4634, miR-6861-5p, and miR-6875-5p 520d) were reported by Li et al. 2011 . These miRNAs are secreted by a solid tumor into body fluids making miRNAs promising targets (Procházková et al. 2017) . Expression profiling of miRNA in the serum of TNBC patients has demonstrated that miRNA-190a, miRNA-136-5p, miRNA-126-5p, miRNA-135b-5p, and miRNA-182-5p were downregulated compared to those of healthy controls. Furthermore, these miRNAs appear to be associated with the development and progression of TNBC. Another study suggests that low expression of miRNA-588 correlates with poor prognosis and metastasis of TNBC (Lyng et al. 2012) . miRNA-539 suppresses the expression of LAMA4, a key regulator of tumor progression, and may be an important target in the treatment of TNBC. Wu et al. (2014) suggested that miRNA-455-5p is associated with poor survival and enhancement of invasion and migration of TNBC cells. miRNA-9 is known to enhance the motility and invasive ability of TNBC cells by targeting E-cadherin and β-catenin pathways. miRNA-17-5p regulates migration and invasion by suppressing HBP1 in TNBC cells (Li et al. 2011) , and it was reported that Let-7 miRNA controls metastasis and stemness of TNBC cells by regulating JAK-STAT3 and cMyc pathways (Su et al. 2016) . The role of miRNA-27 as a promoter of tumorigenesis via targeting AKT in TNBC has been documented (Kume et al. 2017) .
miRNA-10a inhibits the proliferation and migration but promotes apoptosis in TNBC through PI3/AKT/mTOR pathway (Ke and Lou 2017) . miRNA-29b and miRNA-17-5p suppress TNBC by inhibiting proliferation and migration by silencing the expression of the RTKN gene. Cui et al. (2018) demonstrated that miRNA-384 inhibits the progression of TNBC by targeting ACVR1. miRNA-34a is involved in the suppression of invasion and migration by inhibiting TLR signaling pathway via CXCL10 in TNBC. miRNA-212-5p suppresses the EMT in TNBC by targeting Prrx2, and miRNA-150 suppresses metastasis of TNBC through targeting HMGA2 (Tang et al. 2018 ).
Expression of miRNAs at different stages of TNBC
The overexpression of miRNAs (hsa-miRNA-188-5p, hsamiRNA-1202, hsa-miRNA-4281, hsa-miRNA-1207-5p, hsa-miRNA-4270, hsa-miRNA-1225-5p, hsa-miRNA642b-3p, hsa-miRNA-1290, hsa-miRNA-3141, miRNA-127-3p, miRNA-148b, miRNA-409-3p, miRNA-652, and miRNA-801) have been identified and validated at I and II stages in TNBC patients (Cuk et al. 2013) . Similarly, Shimomura et al. (2016) reported an early overexpression of circulating miRNAs in TNBC patients . Also, several miRNAs were identified in the serum of early-stage TNBC patients (miRNA-1246, miRNA-1307-3p, miRNA-4634, miRNA-6861-5p, and miRNA-6875-5p). Expression patterns of miRNA-199a-5p differed in the plasma of TNBC patients and healthy controls at stages 0 and I, and a recent study reported that expression levels of miRNA-22 were higher at stages I and II of TNBC compared to stages III and IV (Zou et al. 2017 ).
miRNAs and the maintenance of stemness in TNBC
The phenotypic plasticity of cancer stem cells (CSCs) is an important factor for tumor malignancy (Al-Hajj et al. 2003) . CSCs are enriched in TNBC tumor tissues, which exhibit a strong capacity to proliferate and induce tumors. Cancer stem cell markers, cluster of differentiation (CD44+/CD24−) levels, and aldehyde dehydrogenase 1 (ALDH1+) are enhanced in TNBC tumor tissues compared to the breast cancer subtypes and the ratio of CD44 + / CD24 −/low cells from TNBC tissues suggested an epithelial to mesenchymal transition (EMT) and high tumorigenicity (Sabeh et al. 2004) . A remarkable link between EMT and miRNAs was reported by Li et al. indicating that miRNA-205 and five members of the miRNA-200 family are associated with EMT ). However, miRNA-103/ 107 induced EMT in TNBC by targeting the BDicer^gene. Recently, Song et al. (2013) reported that the miRNA-200 family epigenetically regulates EMT via miRNA-22-mediated suppression of 10-11 translocation proteins (TET 1-3). miRNA-495 is upregulated in CD44 + /CD24
−/ low and PROCR + /ESA + TNBC stem cells. miRNA-205 inhibits self-renewal and expression of CD44, TAZ, and E2S.E12 in TNBC stem cells (Bertoli et al. 2015) . It has been reported that miRNA-31 promotes mammary stem cell expansion and tumorigenesis by suppressing Wnt signaling antagonists (Davar et al. 2012) .
miRNAs and drug resistance in TNBC
A report suggests that miRNAs can impart drug resistance through intracellular drug depletion mediated via transporters and enzymes. can target the ABC drug transporters and thus affect drug availability in the cell by imparting drug resistance against doxorubicin, cisplatin, or taxol (Zhou et al. 2010) . miRNA-34a imparts resistance to radiation therapy in TNBC cells by impairing cell cycle, DNA damage and repair, and apoptosis (Eccles et al. 2013) . However, downregulation of miRNA-373 and miRNA-302 is associated with increased DNA repair efficiency, which imparts drug resistance (Liang et al. 2013 ). Dysregulation of miRNA-342 and miRNA-15a/16 is related to the tamoxifen resistance in TNBC (Li et al. 2013) . Table 3 summarizes the multifaceted role of miRNA in tumorigenesis.
Several miRNAs can also impart drug resistance by inducing epigenetic changes in the genes involved in tumorigenesis. Abnormal DNA methylation, by DNA methyl transferases (DNMT)-1, -2, and -3, is a major characteristic of cancers and often, the levels of DNMTs are elevated in breast cancer subtypes (Song et al. 2013) . Several miRNAs have been shown to regulate the expression of DNMTs in TNBC, thereby inducing drug resistance (Ng et al. 2014) . Recent studies clearly demonstrated that miRNA-143 is downregulated in TNBC, which in turn regulates the expression of DNMT-3. The down-regulation of miRNA-342 affects histone demethylation and is associated with cisplatin resistance, whereas miRNA-489 targets MinK-related peptide 2 (MiRP-2) and affects the efflux of this drug in breast cancer (Park et al. 2014) .
Cross-talk among miRNA-200c, miRNA-203, and a stem cell transcription factor, Bmi1, has been associated with TNBC (Bertoli et al. 2015) . It is often upregulated in breast cancer and involved in maintenance of stemness, which is regulated by miRNA-200c and miRNA-203. Overexpression of Bmi1 and downregulation of miRNA-200c and miRNA-203 are accompanied by a reversion of resistance to chemotherapy in TNBC. As CSCs are involved in the relapse of TNBC, modulation of miRNA in combination with therapy could decrease the possibility of its recurrence (Sahlberg et al. 2015) . Reports suggest that miRNA-18b, miRNA-103, miRNA-107, and miRNA-652 signatures signal tumor relapse in TNBC patients (Xiu et al. 2013) .
miRNA-based therapy for TNBC Application of miRNA-based therapies against proliferation and metastasis of TNBC represents a challenging area, although some promising results have been obtained in both ex vivo and in vivo experiments. For instance, miRNA-145 was chosen as a target because of its multifaceted role in TNBC. The use of miRNA mimics, or inhibitor miRNA oligonucleotides, such as miRNA-21 is a promising approach for the treatment of TNBC (Sahlberg et al. 2015) . Gold nanoparticles with high affinity for biomolecules, low cytotoxicity, easy size control, and well-developed surface chemistry, may be effectively used to increase the miRNA complementarity for nucleic acids, allowing the effective delivery and gene silencing inside the cells. Modulated miRNA-based therapy can affect hundreds of transcripts in different tissues, which are potentially capable of shutting down signaling pathways. MIRX34, a miRNA-34a mimic compound, is one of the first miRNA replacements to be used in clinical trials (Hamam et al. 2016) .
Conclusion
This review has emphasized several recent advances in the use of miRNAs in TNBC and their utility in the diagnosis, prognosis, and treatment of patients with breast cancer. In breast cancer, changes in the expression pattern of miRNAs result from alterations in miRNA biogenesis, epigenetic control, transcription factors, and/or mutated protein controls. Consequently, prolonged aberrant expression of miRNAs can lead to oncogenesis. miRNA-9, miRNA-10b, and miRNA-17-5p have emerged as diagnostic biomarkers, and miRNA-148a and miRNA-335 are prognostic markers for TNBC. miRNA-30c, miRNA-187, and miRNA-339-5p are , PR (miRNA-377, miRNA-520f, miRNA-520g, and miRNA-527-518a, miRNA-30e, miRNA-181c, miRNA-320c, miRNA-376b, and miRNA-520d Drug /radio resistant miRNA miRNA in maintenance of stemness predictive markers of therapeutic outcomes owing to increases in their expression levels to specific treatments. Future research must be directed towards development and delivery methods of miRNA-based drugs in TNBC cases. A few of these have already shown promising results including miRNA-9, miRNA-21, miRNA34a, miRNA145, and miRNA150. Other important areas of future research include the optimization of miRNA-based drug stability and the improvement of miRNA delivery. Control of the off-target effects of miRNA therapeutics must also be improved. Moreover, combinational drug therapy including miRNA and non-miRNA-based therapy like chemotherapy should also be further investigated. A major aim of this review was to stimulate the interest of members of the biophysics community into miRNA involvement in breast cancer development-a field which is both fascinating, in terms of its organizational complexity, and of great social importance, in the sense that breast cancer imparts terrible emotional and physical consequences onto all of its victims, their family members, and the societies where they live all around the world.
